We have investigated Ca
Self-incompatible (SI) pollination systems are found widely in the Brassicaceae. In such systems, the inhibition of self pollen on stigmas promotes outcrossing and increases the chances of genetic diversification (Dzelzkalns et al. 1992) .
In Brassica species, the receptive surfaces of stigmas are covered by a layer of elongated epidermal cells called papillae. These cells are the usual site of pollination and are the position at which SI is first manifest (Ockendon 1972) . During compatible pollinations, pollen grains swell by taking up water from the papillae, and then form pollen tubes which penetrate the papillar wall. In contrast, during SI interactions, either pollen grain hydration is blocked or the 2 On leave of absence from A.N. Bach Institute of Biochemistry, Russian Academy of Sciences, Leninsky Pr., 33, Moscow, Russia, 117071.
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Contact of an incompatible pollen grain with the papillar surface is thought to initiate a signaling cascade within the papillar cytoplasm leading to a block in pollen development. The rejection of incompatible pollen is controlled by the S-locus to which both the S-locus glycoprotein (SLG) and the S-locus receptor kinase (SRK) genes have been linked (for review, see Nasrallah et al. 1994a, Goring and Rothstein 1996) . There is good evidence that the S-locus receptor kinase is required for SI and is thought to play an initiating role in such a signal cascade (Goring et al. 1993 , Nasrallah et al. 1994b ). Binding of an as yet unidentified ligand, probably present in the pollen coat (Dickinson 1995) with the receptor kinase may lead to the activation of a number of pathways within the cell. Likely downstream results of this might include elevations in intracellular cytoplasmic Ca 2+ concentration ([Ca 2+ ]i), changes in cytosolic pH and potassium levels, gene activation and cytoskeletal rearrangements (Goring and Rothstein 1996) .
The focus of our research is to dissect the signaling pathway which is being activated by the S-locus receptor kinase in the SI response of the B. napus Wl line. In this paper we report on two specific directions taken in this research: (1) a study of the levels of [Ca 2+ ]i during the SI response and (2) an examination of the role of ion channels in the SI response.
There were several reasons for pursuing the role of Ca 2+ in Brassica SI. Firstly, it is well documented that Ca 2+ plays an important role in many plant signal transduction pathways (Shacklock et al. 1992 , Irving et al. 1992 , Messaien et al. 1993 , Subbaiah et al. 1994 . Secondly, Franklin Tong et al. (1993 , 1995 have recently shown that the SI response of Papaver pollen tubes is mediated by a rise in cytosolic Ca 2+ . Thirdly, callose formation may be promoted by increases in cytosolic Ca 2+ (Kauss 1987 (Kauss ,1990 ) and there is much evidence that callose plays an important part in the SI response in members of the Brassicaceae (Dickinson and Lewis 1973 , Heslop-Harrison et al. 1974 , Roberts et al. 1979 , Kerhoas et al. 1983 , perhaps by forming a barrier to either the passage of water to the pollen grain or to pollen tube penetration (Dickinson and Lewis 1973 , Heslop-Harrison et al. 1975 , Preuss 1994 .
Relatively little work (cited in Fromm et al. 1995) has been performed on electrical responses associated with 985 Downloaded from https://academic.oup.com/pcp/article-abstract/38/9/985/1809317/Interrelationships-between-Cytoplasmic-Ca2-Peaks by guest on 16 September 2017 pollination events. Most recently, Fromm et al. (1995) reported that pollination induces action potentials in the stigmatal tissue of Hibiscus flowers, relating, perhaps to the opening of ion channels in the plasma membrane of the stigma papillae upon contact with pollen grains. Some of the cellular responses during Brassica SI may also involve ion movements across the plasma membrane through the activation of ion channels. There are two major roles that ion channels could play in SI. As discussed above, one is in activation of inward Ca 2+ fluxes resulting in increases in [Ca 2+ ]j which could activate callose synthesis or transduce a compatibility/incompatibility signal through the papillar cytoplasm. The other is in the blocking of pollen hydration caused by repression of water efflux due to an influx of ions into the papillae.
To address these aspects of the B. napus SI signaling pathway, we have utilized Ca 2+ imaging via pressure injection of an ion sensitive dye and voltage clamping (Blatt and Armstrong 1993, Lew 1991) . This latter technique makes it possible to determine changes in conductance and the voltage dependence of ionic currents across the plasma membrane.
We have found that both compatible and diverse incompatible pollinations cause transient peaks in [Ca 2+ ]i, but at varying frequencies, both induce callose deposition, and both tend to reduce membrane potentials and increase conductivities.
Materials and Methods
Plant material-The SI Wl cultivar used in this research was generated by introgressing an S-locus from a SI Brassica campestris plant into the SC B. napus ssp. oleifera Westar (WS) cultivar (Goring et al. 1992) .
Both SC (WS cultivar) and SI (Wl cultivar) plants were grown in a growth chamber (12 h day/night cycle, 21-22°C, illuminated by a mix of incandescent and fluorescent sources) for 1-2 months. Flowers which had recently opened, but were not pollinated (anthers had not yet dehisced), and flowers which had been open for 1-2 d were excised from the plants. The pistils were removed and attached to a microscope slide with double-sided sticky tape. Then filter paper moistened with either APW 7 (artificial pond water, pH 7 (Spanswick 1972) containing 0.1 mM KC1, CaClj and MgCl 2> 1.0 mM MOPS (3-[JV-Morpholino]propanesulfonic acid) and 0.5 mM NaCl, pH adjusted to 7.0 with NaOH; used for all electrical measurements) or water (for all Ca imaging) was applied to the cut base of the pistil to avoid drying out during impalements with micropipettes.
Expression of SI in the Wl cultivar-To determine the stage of development at which Wl pollen grains became inhibited on Wl stigmas, approximately 50 pollen grains were placed onto individual papillae with a micropipette and hydration frequencies observed over 30 min, at 20-22°C and 30-45% relative humidity. WS/WS, WS/W1 pollen/stigma combinations and Wl stigmas pollinated by a range of other species' pollen, were observed over 30 min as comparisons. A pollen grain was considered to have hydrated after at least a 20% change in long/short axis ratio (Dickinson and Elleman 1994) . Hydration rates were sensitive to relative humidity, which was not easily precisely controlled, thus it was essential to carry out all comparative hydration studies at the same time and location.
Micropipette fabrication-Micropipettes used for pressure injection of calcium green-1 were made with a single-pull protocol on a Sutter (Model P-30, San Rafael, California) vertical pipette puller with low heating and solenoid settings to achieve a tip diameter of about 0.5 urn, estimated from light microscope examination. Double-barreled micropipettes for voltage-clamping experiments were fabricated as previously described (Lew 1991) . The voltage-clamping micropipettes were filled with 3 M KC1 to minimize the electrical resistance of the micropipette tips. Given the large size of the cells, it is not expected that diffusion of KC1 from the tips would significantly modify the intracellular concentrations of either K + or Cl". Neutral red treatment-To identify the vacuolar compartment of the papillae, neutral red was used (Gahan 1984) . Stigmas were hand sectioned for observation under 40 x and 100 x oil immersion objectives on a Reichert Polyvar microscope equipped with Nomarski differential interference contrast (DIC) optics. The tissue was incubated with neutral red, 0.01% (w/v) in APW 7 for 15-20 min, then washed with APW 7 alone.
Pollination procedures for Ca 2 * imaging-Pollen was brushed from dehisced anthers onto the end of a micropipette and then, while viewing under the microscope, individual pollen grains were gently placed onto papillae with or without previously adding a drop of isolated pollen coat. Pollen coat was isolated from pollen grains using the method of Dickinson and Elleman (1994) . To test for species specific signaling, pollen from 5 different Brassicaceae species: B.juncea (cv. JYTY), B. campestris (cv. Colt), B. carinata (cv. Dodolla), Sinapsis alba (cv. Pennant), Arabidopsis thaliana (cv. Landsberg) and one non-Brassicaceae species, Turnera sp. were placed onto Wl papillae. Wl papillae were also "pollinated" with latex beads of approx. 12yum diameter (Ernest F. Fulham Inc., Latham, N.Y.) and with Wl pollen grains which had been autoclaved for 40 min and washed four times in cyclohexane to remove the pollen coat.
Ca 2+ imaging-Calcium green-1 dextran (CG-1D, 10,000 mw, Molecular Probes Inc., Eugene, Oregon) was pressure injected into the papillae. The tip of the micropipette was filled with 1 mM CG-1D, and the micropipette then backfilled with 100 mM KC1. An air bubble between the dye solution and the backfilling solution prevented dye dilution due to diffusion into the backfilling solution. The micropipette was placed in either a custom-made holder, or a model MEH6SF (World Precision Instruments, Saratoga, Florida) holder with both a micropipette port and a pressure port. Pressure was controlled by a water-filled 50 ml syringe attached to the micropipette holder by thick wall tygon tubing. Before impalement, pressure was applied to the micropipette. The actual pressure was not measured, but was enough to cause slight movement of the air bubble. Under these conditions, dye leakage from the micropipette did not occur when the tip was touched to the surface of the papilla (higher pressure caused this to occur). This additional pressure prevented cytoplasm movement into the micropipette after impalement of the cell. After impalement, additional pressure was applied to introduce the dye into the cell, movement of the dye into the cell was monitored on a confocal microscope: a BioRad MRC 600 laser confocal microscope (BioRad, Mississauga, Ontario Canada) fitted with a krypton-argon laser and a BHS filter block (488 am, DF10 excitation filter, 510 run LP dichroic, 515 nm LP emission filter). A 0.5 NA extra long working distance 40 x dry objective was used with a zoom factor of 6 to obtain confocal images of papillae. Both low transmission neutral density filters (usually either ND 3 with \% transmission or ND 2 with 3% transmission), a pinhole size of 2 and the fewest number of scans needed to obtain an image were used to minimize photobleaching. With these instrument settings, autofluorescence was virtually undetectable in the cytoplasm.
Microinjected cells were left for 5 min and then pollination experiments continued with only those cells which had cytoplasmic streaming. Images of cytoplasmic fluorescence were obtained as soon as possible after pollination (typically after approximately 30 s) and then at approximately 1 min intervals for 5-10 min. At each time point, a z-series of four images taken 5 fim apart were recorded (taking approximately 30 s to complete) to ensure that the Ca 2+ elevations observed were not due to large autofluorescent organelles or dye rich cytoplasm moving in and out of the focal plane. A COMOS image-analysis program (BioRad) was used to measure Ca 2+ flux intensity of the different pollination combinations over time. A sample box (10.5 yum wide by 7//m high) was placed over the cytoplasm below the point of pollination on one of the z-series images (selected to be at a constant focal plane) and the average pixel intensity recorded. Because of variations in dye loading, the data from each experiment was multiplied by a normalising factor (obtained by dividing individual experimental series means into the mean of the entire data set [111 experimental series]).
Calibration of the levels of microinjected dye and [Ca 2+ ]j was performed using the methods of Levina et al. (1995) . [Ca 2+ ]j was calibrated at 20-21°C using a graded series of Ca 2+ buffers (Calcium Concentrations buffer kit II, C-3722, Molecular Probes). The calculated Ca 2+ concentrations corresponding to corrected average pixel intensities were used to convert all pixel intensity values to the [Ca 2+ ] given in the results. Although precise calibration of single wavelength Ca 2+ dyes is complicated by differences in cytoplasmic thickness, dye concentration, distribution, photobleaching and loss ), a recent comparison of single wavelength and ratio dyes in the same cell system (Gilroy 1996) has given similar quantitative results. Furthermore, the essential results presented here are based on before and after images of single cells where most confounding calibration factors are minimised. We thus feel confident that our calibration of papillar [Ca 2+ ]j is a valid indicator of the true [Ca 2+ ]| of these cells. Callose staining-WS and Wl 1-2 day old and mature bud stigmas were pollinated by gently touching a dehisced anther onto the stigma surface. After 10 min, the pistil was removed and quickly plunged into liquid nitrogen. Freezing in liquid nitrogen was used as it was considerably faster and avoided the artifacts known to be associated with chemical fixation (Hughes and Gunning 1980 ). The frozen pistil was then placed in a drop of Sirofluor (aniline blue fluorochrome, Biosupplies Australia, Parkville, Victoria, Australia, diluted 1 : 3 (v/v) in ddH 2 O) and squashed gently with a coverslip. Callose fluorescence was observed using a UV-2B filter block (excitation 330-380 nm, emission >435nm) on a Nikon Optiphot-2 microscope.
Pollination procedure for electrical measurements-Two treatments were performed. In one case, wet impalements, localized regions of the stigmatal surface were pollinated by touching the stigmatal surface gently with an anther before or after removal of the flower from the plant. For papillae lacking pollen, care was taken to choose cells from regions of the papillar surface that had not been pollinated by hand. After mounting of the pistil on the microscope, the stigmatal surface was covered with APW 7. Electrical measurements by impalement of papillae with or without attached pollen were performed within. 15 to 20minutes of the pollination. In a few experiments, longer intervals between pollination and measurements were used. In these wet impalements, the impaled papillae were directly connected with the extracellular electrically conductive APW 7 solution.
In the second case, dry impalements, the flower was removed from the plant, the pistil mounted under the microscope, and APW 7 added to the stigmatal tissue adjacent to the papillae covered surface. The papilla was impaled with the micropipette, then pollen attached to a micropipette was applied to the impaled cell using a micromanipulator, and the electrical properties of the papilla monitored for 5 to 6 minutes, initially every 15 s, then 30 s, then every 60 s. In these dry impalements, the papillae were indirectly connected via stigmatal and pistil tissue to the electrically conductive APW 7 solution, resulting in additional electrical resistance.
Voltage-clamping-The electrophysiology set-up has been previously described (Lew 1991 (Lew , 1996 . Current-voltage relations were measured by voltage-clamp (Smith et al. 1980 ) via an operational amplifier controlled by a data acquisition board (Scientific Solutions, Cleveland, Ohio) and run using compiled C programs (Lew 1991) . Initial experiments with voltage-clamps of 500 ms duration indicated that a steady state clamping current was reached within about 50 ms. With wet impalements, measurements were performed using a 150 ms duration clamp. With dry impalements, a 50 ms duration clamp was used. Normally, the voltage was clamped in 10 steps, alternating between positive and negative clamps, to minimum and maximum values of -250 and + 50 mV. Voltage clamps to either more negative or positive values resulted in transient clamping currents that were beyond the current-injecting capability of the electrometers (data not shown).
Current density estimates and cell to cell coupling-To accurately measure the current density across the plasma membrane during voltage clamp experiments, two factors had to be assessed: (1) Location of the micropipette tip within the papilla: to demonstrate that the tip was located in the cytoplasm thereby establishing that the electrical measurements did not include the electrical properties of the vacuole in series with the plasma membrane; and (2) the extent of cell-to-cell coupling between adjacent papillae and cortical cells which support the outer surface of papillae: to assess the extent of current leakage into adjacent cells. These two factors were examined using both fluorescent dye and electrical measurements of cell-to-cell coupling. The fluorescence measurements were used to establish the location of the micropipette tip and qualitatively assess of coupling between the papillae and cortical cells within the pistil tissue which support the outer surface of papillae (the cortical cells were not accessible for direct measurements of electrical coupling). The tip of one barrel of the double-barrel micropipette was loaded with 100 mg ml"' fluorescein (disodium salt) in 3 M KC1. Movement into the cell was solely by diffusion. Fluorescence was measured using an image-intensifying tube (Model XX1570, BV Delft Electronische Producten, Holland) coupled to a Philips CCD monochrome imaging module (Model 56475(EIA)S, Amperex Sales Corp., Slatersville, New York), and monitored on a monochrome video monitor. Electrical coupling (Lew 1994) was measured with dual impalements into adjacent papillae. The percentage coupling was calculated from the ratio of voltage deflections in the two cells caused by a 2 nA bipolar current pulse of 1 s duration into the first cell (impaled with a double-barrel micropipette; the adjacent second papilla cell was impaled with a single-barrel micropipette).
Results
Pollen hydration as a marker for compatibility-Because one of the prerequisites of a compatible pollination is pollen grain hydration, this event can be used as a possible differential indicator of compatibility. Within B. napus, compatible pollinations gave high rates of hydration within 20-30 min of pollination (Fig. 1D-F, Table 1-4 ). In contrast, incompatible B. napus pollinations gave low rates of hydration (Fig. 1A-C, Table 1-4) . Thus within B. napus, pollen hydration rates do seem to be an effective indicator of compatibility. However, in incompatible pollinations between different species, hydration rates ranged from 0-86% (Table 2) indicating that in these interactions, other factors determine the fate of attempted pollination.
Location of impalements in the cytoplasm-Because the papillae are highly vacuolate, it was essential to show that the tips of the micropipettes used for microinjection and electrical recording were located in the cytoplasm, not the vacuole. In the papillae, the cytoplasm forms a thin layer around the periphery of the cell ( Fig. 2A) surrounding the large central vacuole which can be contrasted by neutral red staining (Fig. 2B) . By using double or single micropipettes loaded with fluoroscein we could show that the injected dye remained in the periphery of the cells (Fig. 2C ) and did not enter the vacuoles. Thus dye injections and electrical measurements were into the cytoplasm, and the latter were not complicated by the tonoplast.
Influence of impalements on compatibility-In order to measure [Ca 2+ ]i and cellular electrical properties, it is obviously necessary to impale the papillae. Thus it is important to determine whether their post-impalement compatibility responses are the same as those of unimpaled papillae. This was assessed by comparing hydration rates of impaled and unimpaled papillae (Table 3, 4). There was considerable consistency in the results of these data sets which indicated that, on average, impalement reduces subsequent hydration rates to only 16-19% of those seen in unimpaled papillae. However, the reduction seems to be comparable in both compatible and incompatible interactions.
[ Ca 2Jr ] i peaks in different "pollinations"-Measuring [Ca 2+ ]i with calcium green-1 was complicated by variations in inter-papilla image intensities due to variations in amount of dye loaded and its dilution by the cytoplasm, the presence of plastids (Kandasamy et al. 1989) , which are autofiuorescent, and spontaneous fluctuations in [Ca 2+ ]j (Bush 1996) . We were able to correct for the former by scaling the intensities as described in the methods. The presence of plastids was readily determined by observation of the sequences of images and thus could be avoided. We determined the maximum levels of spontaneous fluctuations in non-pollinated papillae (an average pixel intensity of 90, equivalent to 611 nM [Ca 2+ ] if Fig. 3D ) and only accepted intensity peaks above this level as indications of treatmentinduced peaks. In some papillae, both unpollinated and pollinated, the initial intensities were declining (Fig. 3) . We concluded that these initial declines indicated recovery from elevated [Ca 2+ ]i levels induced by the process of mounting the stigmas, or their injection with calcium green-1, and did not consider them as treatment-induced peaks. We feel that these procedures are conservative and that the accepted peaks can indeed be attributed to the treatments applied. This view is supported by the observation that, in a number of the unpollinated papillae shown in Table 1 , we found that after the intial high intensities declined to basal levels, application of pollen grains to the same papilla caused clear peaks above the background. Using the above criteria, both SI (Wl/Wl) and compatible (WS/WS, WS/W1) pollinations produced transient papillar [Ca 2+ ]; peaks restricted to the region adjacent to the applied pollen grains (Fig. 4A, B) . These peaks were, on average, 9% above the previously described threshold and occurred in a higher percentage of papillae in compatible than in most incompatible interactions (Table 1, 4) . The timing and intensity of the [Ca 2+ ]; elevations after both compatible and SI pollinations appeared similar (Table 1) . Typically only a single peak occurred within 10 min of pollination (Fig. 3A, B, 4A, B) . Longer times were not observed. However, the initial peak in [Ca 2+ ]j was sometimes followed by other peaks of varying intensity (Fig. 3A, C and Table 1 ) but there was no relationship between number of peaks and the type of pollination (Table 1) .
In those pollinations where both a [Ca 2+ ]j peak response and subsequent pollen hydration were determined (Table 4) , there was support for the hypothesis that hydration was dependent on the formation of a [Ca 2+ ]j peak, and that hydration did not normally occur in the absence.of such a peak. Thus, in the combined data, 68% of papillae pollinations fit this hypothesis (P + H + and 990 Intracellular studies of Brassica stigmatic papillae Fig. 2 Location of impalements in the cytoplasm of papillae. In the papillae, the cytoplasm forms a thin layer around the periphery of the cell (DIC image in A) which surrounds the large central vacuole (neutral red stained in B). Microinjected fluoroscein remains localized in the peripheral cytoplasm, especially concentrated around the site of injection, near the cell apex (C). n=nucleus, v=vacuole. Scale bars=9/mi (A), 1 vim (B) 12^m (C). Table 4 ). The 13 papillae which did not fit this prediction were dominated (11) by interactions, mostly compatible, in which the [Ca 2+ ]j peak response was not followed by hydration ( P + H -, Table 4 ). Considering that impalements reduce hydration rates to only 16-19% of unimpaled levels (above), one might only expect to observe hydration in this percentage of the papillae which produced [Ca 2+ ]i peaks, i.e. 2-3 out of 14, which is remarkably close to the observed number of 3 (Table 4) . We conclude that these data are consistent with the hypothesis that hydration is causally related to a previous [Ca 2+ ]j peak (Table 4) . Since the exine coat of Brassica pollen is thought to contain the ligand responsible for activating SI responses (Dickinson 1995) , we isolated this substance and analyzed its ability to produce [Ca 2+ ]; peaks. Isolated Wl pollen coat on Wl papillae resulted in the highest frequency of response and also raised [Ca 2+ Ji to the highest level of all combinations tested (Table 1 ). However, this high level of response was reduced to only slightly above the normal incompatible pollination level when isolated Wl pollen coat, " These data are from a set of experiments designed to test the effects, on subsequent hydration, of injecting diverse proteins and buffers into papillae. There were no indications that any of the compounds changed the hydration behaviour, hence the data are presented only in the context of the effects of impalements. * % based on total number of cells examined. ]i peaks do not seem to be part of a species recognition mechanism as pollen from 5 different Brassicaceae and one non-Brassicaceae species also resulted in Wl papillar [Ca 2+ ]i peaks (Fig.3C, Fig.4C ). The sample sizes for the [Ca 2+ ]j peaks for each of these different species pollinations were too small to permit a definitive comparison, but the frequency, timing, intensity and number of these peaks were superficially similar to those in the B. napus pollinations (data not shown).
P -H -,
[Ca 2+ ]j peaks were also induced by addition of a number of non-living structures to Wl papillae. Addition of heat-killed and decoated grains resulted in a low frequency of response although the sample size was small (Table 1) . Papillar [Ca 2+ ]j peaks also occurred when latex spheres were applied to papillae, but not to the extent found in compatible pollinations (Table 1) .
Callose formation-To determine whether callose formation occurred after the different, types of pollination, both incompatibly (Wl/Wl) and compatibly pollinated (WS/WS) stigmas were stained with aniline blue fiuorochrome. After both types of pollination, callose was seen in papillae ( Fig. 5A-B , 5C-D) which were in contact with pollen grains. The level of background callose staining was high in the 1-2 day old stigmas, so mature bud stigmas, which have much lower background callose staining, were also pollinated and left for lOmin before staining. In both Wl and WS mature bud stigmas, callose was also present in papillae which were in contact with self pollen. Because callose seemed to be formed primarily in papillae adjacent to pollen grains, many of which were either dislodged or displaced during staining, it was not possible to devise a quantitative assay for callose formation, but the subjective impression was that there was no difference between compatible and incompatible pollinations. All pollen grains in the stigma squash preparations were swollen but this was related to immersion in the aniline blue solution and not contact with the stigma, as isolated, frozen and stained pollen grains had the same appearance.
Electrical measurements (wet)-To establish that current leakage into adjacent cells was not affecting currentvoltage relations and the measurements of ionic current density, the degree of intercellular coupling between the papillae was determined using dye movement between adjacent cells and electrical measurement of cell-to-cell coupling. Microinjected fiuoroscein was initially confined to the injected cell, but over 5 min it began to appear in adjacent papillae (not shown), indicating some cell-to-cell coupling. However, it never diffused into the underlying cortical cells. In order to determine the extent of electrical coupling between papillae, we impaled two adjacent cells and found that the coupling was typically less than 10% (Fig. 6A, B , Table 5 ), not high enough to invalidate our measurements. Papillae showed considerable intercellular variations in membrane potentials, clamping currents and conductances (indicated as specific resistances in Table 5 ) (Fig. 6, 7 and Table 5) such that when these parameters were compared for either compatible or incompatible pollinations, there were no clear differences (Table 5 ). However, all such comparisons, in both combinations, showed the same trends, suggesting that pollination did indeed induce increased membrane permeability, evidenced by reduced membrane potentials and specific resistances (Table 5) .
Electrical measurements (dry)-Because the above electrical measurements were made with stigmas which were abnormal in having been wetted to complete the electrical circuit to ground, it was possible that their normal physiology was disturbed. Indeed, papillae became increasingly difficult to impale after 1 h in APW 7, indicating a loss of turgor. Thus we also made electrical measurements on more physiologically normal dry stigmas. These measurements were not quantitative measures of plasma membrane conductance because the current-voltage measurements were influenced by additional resistance from the passage of the current down the pistil to ground but did demonstrate trends. In both compatible and incompatible interactions there was a slight increase in average membrane conductance with time after pollination (Fig. 8) . Due to intercellular variability, the changes were less than the standard deviations (not shown), and thus unlikely to be statistically significant. However, the trend was consistently towards increased conductance with time in both interactions (Fig. 8) . In none of the recordings was there any ac- For these cells, coupling was low, about 5 to 10% (Table 5 ). In the absence of cell coupling, increases in the magnitude of clamping currents directly corresponds to increases in conductance, indicated as changes in specific resistance in Table 5 . One of the clamping current measurements (the second of the two vertical bars on the trace for cell one in (A) is shown in (C). Note that clamping currents increased to a steady state level within 10 msec, and remained stable for the 150 msec duration of the voltage clamp.
tion potential-like change in membrane potential following pollen application.
Discussion
As indicated in the introduction, there are good reasons to believe that the difference between the compatible , while (C) shows averaged clamping currents for the compatible cultivar WS (n=9 for unpollinated (left column); n = 6 for pollinated papillae (right column)). In either case, there is a tendency for the magnitude of the clamping currents to be higher when pollination has occurred. Complete data for these experiments are summarized in Vertical bars indicate where current-voltage relations were measured; the clamping currents were measured after a 50 msec voltage clamp, when clamping current was known to be stable. Pollen was added as shown. Since the impalements involved an additional electrical resistance due to tissue, current-voltage relations measure both the resistance of the papillae in series with the resistance of the tissue. Therefore, they are not quantitative measures of the ionic current density of the cell, but they have been corrected for the surface area of the impaled papilla cell. Changes in the conductance (the slope of the current-voltage relation) are likely to be due to changes in the conductance of the cell, rather than changes in the conductance of the tissue, but this was not experimentally confirmed. The micropipette 'zero' potential was determined as shown by placing it in the solution wetting the base of the stigma. (B) and (C) show average current-voltage relations for dry impalements after compatible (WS/WS, panel B; n = 3) and incompatible (Wl/Wl, panel C; n=3) pollinations. The current voltage relations were measured before pollination (circles), one minute after pollination (triangles) or 4 minutes after pollination (squares). Standard deviations are not shown for clarity.
tions of increased plasma membrane permeability in the electrophysiology data. The [Ca 2+ ]j peaks in the vicinity of applied pollen grains, although of similar timing and magnitude in both compatible and SI pollinations, occur at a higher frequency in compatible interactions. This suggests that a Ca 2+ -based signaling system is involved with the perception of compatible pollen and its subsequent hydration. This relationship is present in most interactions analysed. The exceptions are either [Ca 2+ ]j peaks which were not followed by hydration in compatible interactions, possibly due to the unexplained general reduction in hydration seen in impaled cells, and the two similar interactions with different species which are addressed below. The existence of a signaling pathway in compatible pollinations is consistent with recent observations which showed that SC in Brassica can be altered by agents which prevent protein phosphorylation/dephosphorylation , Kandasamy et al. 1993 . The low frequency of Ca 2+ peaks seen in the SI interaction might be related to the fact that a small number of pollen grains do actually become hydrated as a result of the operation of part of a compatible signaling pathway.
The role that Ca 2+ peaks serve during compatible pollinations is unclear. Since elevated [Ca 2+ ]j enhances exocytosis (Hepler et al. 1994) , compatible pollinations may increase secretory activity of papillae. Consistent with this model, pollination is accompanied by an acceleration of papillar cytoplasmic streaming (unpub. results), and Elleman and Dickinson (1996) have reported accumulation of endoplasmic reticulum, Golgi bodies and Golgi-derived vesicles at the periphery of papillae following pollination with isolated pollen coats. Elleman and Dickinson (1990) proposed that compatible pollinations result in softening of the papillar wall which then allows penetration by the pollen tube. Elevated levels of [Ca 2+ ]; may thus be consistent with the secretion of wall loosening enzymes in the compatible interaction.
The observation that isolated Wl pollen coats produce a frequent Ca 2+ response in Wl papillae is difficult to explain. Since the Ca 2+ peaks appear to correlate with compatible pollinations and the ligand that initiates SI signaling resides in the pollen coat (Dickinson 1995) , we would predict that addition of isolated coat would have little effect on [Ca 2+ ]j. However, the lowering of the frequency of the Ca 2+ response by addition of pollen grains to isolated pollen coat is interesting and suggests that the pollen grain may contain factors inhibitory to the Ca 2+ signaling pathway. Such a model is consistent with the observation that, in B. oleracea, papillar wall expansion induced by isolated self coat is suppressed by contamination of the coat with pollen wall fragments (Elleman and Dickinson 1996) .
The [Ca 2+ ]j peaks which we have observed are of low intensity. We cannot rule out the existence of higher peaks which we may have missed in our sampling procedure, but such are unlikely. Since the papillae must respond to factors moving from the pollen grain, these factors are unlikely to induce a response earlier than the 20-30 s at which our first observations were made. Thereafter, we were effective-ly sampling for 30 s of each minute (each z-series took this long to complete), thus the chances of consistently missing putative higher peaks in all of the cells analysed are extremely remote. We conclude that the recorded low intensity [Ca 2+ ]; peaks are indeed the only [Ca 2+ ]j responses present in the papillae. Such low intensity [Ca 2+ ] s peaks may still promote pollen grain hydration, however, as Ca 2+ peaks of less than 250 nM above resting levels appear to be sufficient to induce cellular responses in a number of reported systems (Gilroy and Jones 1992 , McAinsh et al. 1992 , Jackson and Hardham 1996 , Webb et al. 1996 , Bush 1996 .
One of the surprising results of this work was that impalement of papillae with the micropipettes substantially reduces the hydration rates of applied pollen. This problem, which is intrinsic to any attempts to perform these types of measurements, does not invalidate our results because the degree of reduction seems to be comparable for both compatible and incompatible interactions. We can only speculate on the reason for the change in response of impaled papillae, but we do have evidence that impalement itself induces an elevation in [Ca 2+ ]j because some papillae showed declining levels at the start of our analyses. This elevation may raise the threshold for subsequent hydrationinducing [Ca 2+ ]i peaks, so that most do not reach that threshold and thus fail to induce hydration. Unfortunately, we do not have the ability to further test this hypothesis because we are already observing the papillae as soon as possible after impalement, catching earlier putative [Ca 2+ ]; peaks is not practical.
Variability in timing, intensity and number of [Ca 2+ ]i elevations was seen within all pollination combinations we tested. Variation in Ca 2+ -signaling parameters in response to a single stimulus appears to be a common phenomenon in plant cells (Schroeder and Hagiwara 1990 , Gilroy et al. 1991 , McAinsh et al. 1992 , Shacklock et al. 1992 , Messaien et al. 1993 ). In the well-studied system of stomatal guard cells, elicitors such as ABA and oxidative treatments will cause a rise in [Ca 2+ ]j but these elevations can vary widely in their initiation times, duration and intensity (Schroeder and Hagiwara 1990 , Gilroy et al. 1991 , McAinsh et al. 1992 . Franklin-Tong et al. (1993) suggest the variability of the Ca 2+ response of Papaver pollen tubes to 5-glycoproteins may be related to differences in the concentrations of signaling molecules reaching microinjected cells. In our system, variability in the rate of diffusion of pollen signaling molecules to papillar plasma membrane receptors may explain, in part, the variations in responses we have observed.
The present data are the first electrophysiological measurements of responses of Brassica papillae to pollination. Intercellular variation precludes proving significant changes following pollination. The consistency of the trends to reduced membrane potentials and increased conductance following pollination suggest that the predicted changes do occur, but they clearly do not differentiate between the compatible and incompatible interactions. Superficially, the difference in pollen grain hydration between the two responses indicates the likelihood of changes in papillar plasma membrane permeability to permit efflux of ions and thus water. However, the water needed for hydration may derive from the apoplastic system and be regulated by changes in cuticle composition, which would not necessarily involve changes in the plasma membrane. Alternatively, if the water is derived from the papillar cytoplasm, the necessary ion effluxes (Zeuthen and Stein 1994, Schultz 1980 ) could involve both K + and Cl~, which could be close to equimolar and thus have a minimal effect on the plasma membrane potential or could be below the level of detection of our measurements.
We have been able to demonstrate that callose formation is a very localized response of a single papilla to an applied pollen grain and that it occurs very early in the pollination process, as previously deduced from whole stigma reactions (Kerhoas et al. 1983 ). However, its formation appears to be equally characteristic of both compatible and incompatible responses. This supports previous suggestions (Singh and Paolillo 1990 , Dickinson 1995 , Elleman and Dickinson 1996 , Sulaman et al. 1997 ) that callose formation and SI in Brassica are independent phenomena.
The present results show that, of the tested parameters, only Ca 2+ signaling differentiates between the SC and SI responses. Contrary to our expectations, it appears that Ca 2+ signaling may play a critical role in the process of compatible rather than SI pollinations in B. napus. Operation of SI in B. napus, which also requires activation of papillar signal transduction pathways (Goring and Rothstein 1996) , does not therefore, appear to involve Ca 2+ as a second messenger in the early stages of the process.
